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ABSTRACT

NANOG is a transcription factor that is involved in the self-renewal of embryonic stem cells (ES) and is a
critical factor for the maintenance of the undifferentiated state of pluripotent cells. Extensive data in the
literature show that the NANOG gene is aberrantly expressed during the development of malignancy in
cancer cells. ES and cancer stem cells (CSCs), a subpopulation of cancer cells within the tumor, are thought
to share common phenotypic properties.

This review describes the role of NANOG in cancer cell proliferation, epithelial-mesenchymal transition
(EMT), apoptosis and metastasis. In addition, this paper illustrates a correlation between NANOG and signal
transducer and activator of transcription 3 (STAT3) in the maintenance of cancer stem cell properties and
multidrug resistance.

Together, the available data demonstrate that NANOG is strictly involved in the process of
carcinogenesis and is a potential prognostic marker of malignant tumors.
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Introduction The NANOG gene is located on chromosome 12 at

NANOG is a transcription factor that is involved in the self-
renewal of embryonic stem cells (ES). It was first discovered by
Chambers et al.' and Mitsui et al.> in mouse ES cells and
described as an important transcription regulator that both
activates the repressors and suppresses the activators of differ-
entiation. The name NANOG derives from Tir nan Og, the
mythical Celtic land of youth. The NANOG protein possesses a
homeobox sequence, containing a 60-63 amino acid motif,
within the coded protein. The superfamily of homeobox genes
is highly diverse and includes several classes which are subdi-
vided into gene families. The best-known gene families among
the ANTP class are the Hox, En, Dlx, Evx, NK-2 and Msx fami-
lies. Conversely, the PRD class includes the Pax, Gsc and Otx
gene families.’”

12p13.31. The chromosomal region containing the NANOG
gene can undergo tandem duplication, which generates 2 copies
of NANOG on chromosome 12. The two copies are identical in
97% of these events, although their transcripts are often differ-
entially spliced. The second copy is a pseudogene, which is
known as NANOGPI or NANOG2. NANOGPI possesses
regions with high homology to NANOG introns and exons.
There are 10 additional known NANOG pseudogenes that
develop as a result of mRNA (mRNA) retrotransposition, and
they are characterized by the absence of introns and the 5" pro-
moter sequences. These pseudogenes often possess only a resid-
ual polyadenylation tract and flanking repeats. The NANOG
pseudogenes are numbered from NANOGP2 to NANOGPII.
Two of these NANOG pseudogenes are located on the X
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chromosome, while 2 are located on chromosome 6, and the
rest are located on chromosomes 2, 7, 9, 10, 14, and 15.
NANOGPI, P2, P4, P7, P8, P9 and P10 show 90% homology to
NANOG, and NANOGP5 shows 85% homology to this parental
gene.

The human NANOG protein consists of 305 amino acids
and possesses 3 functional domains: the N-terminal domain,
which contains 94 amino acids; the homeodomain, which con-
tains 60 amino acids; and the C-terminal domain, which con-
tains 151 amino acids. Along with NANOG, NANOGPI is
expressed in human ES cells and has a length of 232 amino
acids. NANOGP2, P4, P5, P9 and P10 harbor premature stop
codons, and as a result, the truncated proteins are translated in
the same reading frame. NANOGP7 and P8 do not contain
stop codons and are able to encode full-length proteins.
NANOGPS encodes a full-length protein with a length of 305
amino acids that differs from the NANOG gene by only 3
amino acids.®"*

NANOG, together with octamer-binding transcription fac-
tor 4 (OCT4) and sex-determining region Y HMG-box 2
(SOX2), is responsible for maintaining ES cells in an undiffer-
entiated state. NANOG mRNA can only be detected in the epi-
blast. A small amount of NANOG mRNA is also present in
germ cells, but NANOG mRNA is not observed in the native
cells of adult organisms.>>'"'* One exception is human fibro-
blasts, which possess low levels of OCT4, SOX2 and NANOG
mRNA. However, the NANOG protein can only be detected in
human fibroblast CRL-2352 cells in the presence of fibroblast
growth factor 2 (FGF2)." It is thought that ES and cancer stem
cells (CSCs), a subpopulation of cancer cells within the tumor,
share some common phenotypic properties. For example, both
cell types (ES cells and CSCs) are characterized by intensive
growth and high expression of telomerase, which is responsible
for the acquisition of immortality. Trophoblastic cells and can-
cer cells are also able to infiltrate local tissues. It has been dem-
onstrated that expression of the NANOG gene occurs not only
in embryonic-derived malignancies but also in breast cancer,
ovarian cancer, cervical cancer and kidney cancer.'* The aim of
the present review is to summarize the current body of litera-
ture on the role of NANOG in tumorigenesis, including cancer
cell proliferation, epithelial-mesenchymal transition (EMT),
apoptosis and metastasis.

Cancer stem cells

It is well established that both normal tissues and the tumors
that develop within them contain heterogeneous cell types,
such as immune, mesenchyme and endothelial cells. However,
only a small percentage of tumor cells actually possess tumori-
genic potential. The characteristic properties that distinguish
normal tissues from malignant ones are attributed to cancer
stem cells, which are cells within the tumor that have the capac-
ity to self-renew and give rise to the heterogeneous lineage of
cells that constitute the tumor. CSCs are alternatively referred
to as “tumor-initiating cells” (TIC) and “tumorigenic cells” in
the literature.">""”

CSCs were first discovered in human acute myeloid leuke-
mia (AML). Lapidot et al. designed an in vivo experimental
model in which AML-initiating cells were transplanted into

immune-deficient mice. These experiments showed that AML
consists of 2 fractions of AML cells: colony-forming cells and
less mature leukemia- initiating cells.'® Since 2012, it has only
been possible to experimentally define CSCs by their ability to
generate a tumor based on transplantation assays. However,
the existence of CSCs in undisturbed tumors has not been
proven. Driessens et al. traced the growth of squamous skin
tumors in vivo using genetic lineage tracing. To this end, they
marked the different stages of tumor progression and found
that the majority of the cells within the population show only a
limited proliferative potential and are the non-tumorigenic
progeny of CSCs. The minority fraction consists of 2 groups of
cells: those with stem-cell-like properties that cycle twice a day,
and those that produce differentiated cells and cycle more
slowly'15,17,l9

Years of investigations revealed that the NANOG gene and
its isoforms, together with OCT4 and SOX2, play an important
role in the development of a malignant phenotype in cells.
NANOG belongs to the group of transcription factors (TF),
which together with leukemia inhibitory factors (LIF) and bone
morphogenetic proteins (BMPs), are responsible for the self-
renewal and pluripotency of ES cells. However, NANOG can
sustain pluripotency in ES cells even in the absence of LIF. In
addition, pluripotency can be regulated independent of LIF by
E-cadherin, which is able to regulate NANOG transcription via
Signal transducer and activator of transcription 3 (STAT3)
phosphorylation in ES cells.***"*?

It is thought that ES cells and CSCs share some common
phenotypic properties, such as intensive growth and high
expression of telomerase, which is responsible for cell immor-
tality. Trophoblastic cells and cancer cells are also able to infil-
trate local tissues. Although ES cells and CSCs share common
properties, there are some differences between them. Both cell
types are able to self-renew, but ES cells promote differentia-
tion, while CSCs promote proliferation. Overexpression of
NANOG in ES cells maintains specific differentiation, whereas
overexpression of this gene in CSCs results in inhibition of
apoptosis.

NANOG mRNA can be detected only in the epiblast and in
germ cells and is not observed in the healthy cells of adult
organisms (apart from fibroblasts).">** Therefore, Shan et al.
conducted an investigation of whether NANOG may serve as a
biomarker for CSCs. Both western blotting and immunobhis-
tochemistry analyses showed that the expression of NANOG
was absent in healthy liver tissues. Conversely, the expression
of NANOG was high in hepatocellular carcinoma (HCC) tissues
and moderately high in the surrounding (non-HCC) tissues.
Cancer cells that express NANOG exhibit a high capacity for
self-renewal and differentiation. Furthermore, NANOG main-
tains the self-renewal of CSCs through the insulin-like growth
factor 1 receptor (IGF1R) signaling pathway. Knocking down
the expression of NANOG in NANOG-positive cells decreases
the expression of IGF1R. Furthermore, IGFIR inhibitors block
the self-renewal of NANOG-positive CSCs.**

Nanog and the ability of cancer cells to metastasize

The formation of metastases is a process that requires the
reduction of cell-cell interactions and the migration of cells



through the extracellular matrix. This process requires changes
in cell phenotypes, including reorganization of the
cytoskeleton.**

Recent data show that CSCs with a high capacity for metas-
tasis usually exhibit EMT markers. This phenomenon is
defined by the loss of epithelial morphology and the acquisition
of a mesenchymal phenotype. Loss of E-cadherin (which is nec-
essary for maintaining the plasticity of epithelial cells) and
increasing expression of N-cadherin (which mediates calcium-
dependent adhesion) are major hallmarks of EMT. This process
is regulated by several TFs, including SNAIL1, SNAIL2 (SLUG)
and TWIST. In addition, several micro RNAs (miRNAs) (pre-
dominantly miR-200) regulate EMT by forming double-nega-
tive feedback loops. miR-200 and miR-128 regulate the
expression of the B lymphoma Mo-MLV insertion region 1
homolog (BMI1) protein, which has been reported to be over-
expressed in several tumors and to be involved in cancer cell
metastasis. BMI1 positively regulates the expression of the
EMT marker SNATL1.>>*® SNAILI can also be induced by cer-
tain TFs, such as TGFf, or indirectly, by Notch. NANOG
homodimers are able to regulate BMII directly through pro-
moter occupancy.”’ In cells with the EMT phenotype, such as
non-small cell lung cancer (NSCLS), head and neck squamous
cell carcinoma (HNSCC) or colon cancer cells, NANOG and
SNAILI expression appears to be correlated.”***** Liu et al.
indicated that in A549 cells, SNAIL1 activates NANOG
through the SMAD1/Akt/Gsk38 pathway.”® NANOG, together
with OCT4, can therefore activate SNAIL2 and promote metas-
tasis and the EMT phenotype in cancer cells. Double knock-
down of the NANOG and OCT4 genes in A549 cells leads to a
reduction of SNAIL-2 mRNA and elevation of E-cadherin pro-
tein levels.’ Signaling cascades involved in the EMT phenome-
non and the invasive phenotype of cancer cells are shown in
Fig. 1.
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Figure 1. Signaling cascades known to play role in the EMT phenomenon: NOTCH1
and TGFB. Upregulation of the promoters of EMT genes, such as TWIST1/2, BMI1,
SNAIL1, OCT4 and NANOG, suppresses the expression of E-cadherin and results in
loss of the epithelial phenotype.
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According to Luo et al, in nasopharyngeal carcinoma
(NPC), NANOG expression is inversely correlated with high
expression of E-cadherin and positively correlated with high
expression of N-cadherin. Expression of NANOG in NPC can
promote tumor cell growth, anti-apoptosis properties and
metastasis. In addition, EMT is associated with the develop-
ment of stem cell-like properties in CSCs.>" Siu at al. showed
that the excessive proliferation, migration and invasion of ovar-
ian cancer cells with NANOG expression are related to the reg-
ulation of E-cadherin. Knock-down of NANOG results in a
decreased metastatic potential of ovarian cancer cells and an
increase in E-cadherin mRNA levels. Conversely, NANOG
overexpression leads to enhanced cell proliferation and migra-
tion and decreased E-cadherin mRNA levels.*” Taken together,
these data provide strong evidence that NANOG may be the
key factor in the development of the EMT phenotype via the
TWIST-1/BMI1 pathway.

Shan et al. showed that HCC cancer cells expressing
NANOG are highly metastatic and invasive. Additionally, these
cells are resistant to chemotherapy with sorafenib and cis-
platin.** Yin et al. examined the role of OCT4 and NANOG
within patients with HCC. The expression of NANOG and
OCT4 was observed to be significantly correlated with larger
tumor sizes and vascular invasion. Furthermore, the median
recurrence-free survival (RFS) of patients with NANOG-posi-
tive tumors was 18 months, which was significantly shorter
than that of patients with NANOG-negative tumors. These
authors also examined the role of NANOG and OCT4 in HCC
cells with different metastatic potentials. MHCC97-H and
HCCLMS3 cells with a high metastatic potential® also exhibited
the highest expression of the NANOG and OCT4 genes.

Lin et al. examined the role of the NANOG protein in the
development of malignant gastric adenocarcinoma (GAC).
Overexpression of NANOG was correlated with a poor overall
5-year survival rate in patients with GAC, and NANOG expres-
sion was positively correlated with tumor invasion in GAC
patients. Furthermore, NANOG protein was found in 60% of
lymph nodes containing metastases. Thus, the expression of
NANOG can be correlated with TNM stage, including lymph
node metastasis and tumor development, and this gene could
play a prognostic role in GAC.** Similar conclusions were
reached by Xu et al., who examined patients with colorectal
cancer. The found that NANOG expression was correlated with
TNM stage and both lymph node and liver metastasis. Patients
with NANOG expression exhibited a worse 5-year survival rate
compared with patients not showing NANOG expression.>

Siu et al. performed wound healing assays that demonstrated
that knocking down NANOG in a choriocarcinoma cell line
(JEG-3) led to reduced migration and invasion of cancer cells.
Furthermore, Real-Time"™ PCR experiments revealed a signifi-
cant reduction in MMP-2 and MMP-9 expression in JEG-3
cells with reduced expression of NANOG.>

Borrull et al. observed that melanoma cells with a more
aggressive phenotype express high levels of NANOG and
OCT4. These researchers examined the correlations between
NANOG overexpression and the migratory capacity of A375
melanoma cells. To this end, they used 3 experimental groups
of A375 cells: the first group was transfected with an expression
vector encoding NANOG (A375 NANOG); the second group
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was transfected with an expression vector encoding OCT4
(A375 OCT4); and the third group was transfected with an
empty vector to serve as a control (A375 EV). In wound-heal-
ing assays, the A375 NANOG cells and A375 OCT4 cells
completely filled the wound within 30 hours, in contrast to
A375 EV cells. Similar results were obtained using an inhibitor
of cell proliferation (mitomycin C). In transwell migration
assays, it was observed that A375 NANOG and A375 OCT4
cells showed a 3.2-fold and 8-fold increases, respectively, in
transmigration compared with A375 EV control cells. More-
over, the authors showed a connection between mesenchymal
motility and the activity of MMPs. After application of the
MMP inhibitor GM 6001, a significant reduction in the motility
of cells in all 3 groups was observed in transwell assays. How-
ever, increases in NANOG/OCT4 expression did not correlate
with increased expression of MTI-MMP in A375 cells.”®

Imai et al. demonstrated a correlation between NANOG
expression and a malignant phenotype. The authors indicated
that hypopharyngeal cancer (HPC) cells, which express the
transmembrane protein CD271 (CD271%), also express high
levels of NANOG. These cells were characterized by self-
renewal and the potential for tumor initiation and metastasis,
as they expressed high levels of MMP-1, MMP-2 and MMP-
10.%

Let 7a/mir-98 is a mammalian miRNA that is often downre-
gulated in certain malignancies, including ovarian cancer, lung
cancer, colon cancer and melanoma. Let 7a acts as a tumor sup-
pressor, and reduction of this miRNA may lead to carcinogene-
sis. Yu et al. examined the correlation between LET-7A and
CSCs in the development of malignant head and neck cancer
(HNC). The expression of LET-7A was inversely correlated
with CSC markers, including NANOG. Metastatic HNC tissues
showed low expression of LET-7A and high expression of
NANOG compared with normal tissues. Additionally, aldehyde
dehydrogenase 1-positive (ALDH1%) HNC cells, which are
chemoresistant to cisplatin, were transfected with a vector over-
expressing let-7a. Overexpression of LET-7A in ALDH1* HNC
cells led to a decrease in NANOG protein levels and an increase
in apoptosis. Overexpression of LET-7A and silencing of
NANOG expression using RNA interference (RNAi) increased
the sensitivity of HNC cells to cisplatin.*®

It has been shown that the expression of NANOG correlates
with chemoresistance to cisplatin in oral squamous cell carci-
noma (OSCC) cells. Cisplatin-resistant OC-2 cells exhibited
enhanced invasive and migratory properties, which were exam-
ined using a Matrigel assay.” Similarly, Watanabe et al.
revealed a correlation between high expression of NANOG
protein and a malignant phenotype of OSCC cells. High
NANOG expression was correlated with a poor differentiation
and metastatic potential of OSCC cells. Despite the use of adju-
vant therapy, high NANOG protein levels persisted in meta-
static foci of the examined cells.*’

Up-regulation of NANOG expression is responsible for
excessive proliferation, invasion and migration in human gli-
oma tissues. Niu et al. found a connection between the overex-
pression of NANOG and low levels of a specific miRNA, miR-
134, in the glioblastoma cell line U87. Matrigel transwell assays
showed that U87 cells with upregulated miR-134 levels
migrated more slowly compared with control cells. High

expression of miR-134 in U87 cells also reduced the speed of
wound closure compared with control cells.*' These findings
show that NANOG is associated with excessive migration and
metastasis of cancer cells, which might be connected to down-
regulation of certain MMPs. Furthermore, overexpression of
NANOG is correlated with a poor prognosis of patients with
various malignancies.

Nanog and its role in Apoptosis and Csc maintenance

NANOG plays a significant role in the cell cycle and in the pro-
cess of apoptosis.

The hedgehog (Hh) pathway can be involved in tumorigene-
sis. Specifically, binding of sonic Hh (Shh) to the protein
patched homolog receptor (PTCH) leads to disinhibition of the
Smoothened receptor (SMO) and consequent activation of the
GLI1 and GLI2 proteins. GLI1 binds to the NANOG promoter
and activates NANOG gene transcription. It has been demon-
strated that supersession of protein 53 (p53) expression deter-
mines the transcriptional activation of NANOG. Furthermore,
NANOG (together with its pseudogene NANOGPS), p53 and
GLI1 form a network that is involved in cell apoptosis and CSC
maintenance. NANOG and p53 form a negative functional
loop, and NANOG and GLII form a positive feedback
loop.**** NANOG and p53 have also been shown to interact
with Focal adhesion kinase (FAK), which plays role in cell sur-
vival. FAK is able to activate p53 degradation, and conversely,
P53 negatively regulates FAK. Moreover, NANOG is able to
bind to the FAK promoter and upregulate its activity, and FAK
directly phosphorylates the NANOG protein.** The roles of
NANOG in the CSC phenotype and functions including apo-
ptosis are shown in Fig. 2.

Chen et al. showed that knock-down of NANOG in mouse
ES cells led to an increase in the percentage of cells in Gy/G,
phase (from 30% to 32.8%). In contrast, the percentage of cells
in S phase decreased (from 40% to 37.54%). It has therefore
been shown that NANOG knock-down induces cell cycle arrest.
Moreover, NANOG knock-down induces apoptosis. The num-
ber of apoptotic cells was observed to increase to 5.06% com-
pared with the control level (2.9%). A significant increase in
caspase-3 activation has also been detected in mouse ES cells
subjected to NANOG knock-down.*®

Overexpression of NANOG is correlated with low expression
of miR-134. The percentage of apoptotic cells, determined via
flow cytometry, was found to be significantly higher in glioblas-
toma U87 cells with increased expression of miR-134 compared
with the control groups. Using DAPI staining and an inverted
fluorescent microscope, nuclear condensation and chromatin
migration were observed in U87 cells with miR-134 overexpres-
sion. It has been shown that miR-134 might play an important
role in cell apoptosis.*!

Chae et al. investigated the effect of 5-aminoimidazole-4-
carboxyamide ribonucleoside (AICAR), which is an activator
of AMP-activated protein kinase (AMPK). This kinase regu-
lates cell growth, apoptosis and differentiation, mainly by
impacting p53. It has been found that AMPK, activated by
AICAR, can activate p53/p21, cause G,/S cycle arrest and sup-
press NANOG expression in both human and murine ES cells.
As p53 phosphorylation is correlated with downregulation of
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Figure 2. The hedgehog (Hh) signaling pathway and FAK cooperation with NANOG and p53 in the CSC phenotype. In the absence of Hh, the PTCH1 and PTCH2 receptors
inhibit the activity of the SMO transmembrane protein. When Hh binds to PTCH1/2, the inhibition of SMO is released. Activated GLI1 is transported to the nucleus, where
it binds to the NANOG promoter. NANOG is also regulated positively by FAK (which forms a negative feedback loop) and negatively by p53 (which forms a positive feed-

back loop).

NANOG expression, the role of AICAR has been investigated in
the context of NANOG protein levels. Following the applica-
tion of AICAR, NANOG expression was downregulated to
approximately 56% of the control level. NANOG mRNA was
reduced after 9 hours of AICAR treatment and had partially
recovered 24 hours after AICAR treatment but remained at a
low level. Interestingly, after knocking down p53 expression,
AICAR treatment did not suppress the expression of NANOG,
which indicates that AICAR impacts NANOG expression via
P53, resulting in cell cycle arrest, without any effect on apopto-
sis. AICAR also does not impact miR-134 levels.***

You et al. assessed the ability of the histone deacetylase
inhibitor (HDACI) apicidin to downregulate NANOG activity
in specific human embryonic carcinoma cell lines. Apicidin
suppressed NANOG expression and impacted apoptosis in
NCCIT cells. Using flow cytometry, it was shown that apicidin
increased the number of Annexin V-positive cells (35.4%) com-
pared with the control (1.6%).**

Together, these data suggest that NANOG inhibits apoptosis
and promotes cell cycle arrest mainly via p53 regulation. It has
also been suggested that an inverse correlation between
NANOG and miR-134 expression impacts tumor progression.
Downregulation of miR-134 in certain tumors causes overex-
pression of NANOG and consequent suppression of apoptosis.

Nanog and its role in Hypoxia-Induced Tumor Growth
and Angiogenesis

Angiogenesis is a process in which new capillaries are created
from blood vessels. It is observed not only in normal physiolog-
ical processes, such as embryogenesis or wound healing but also

in cancer development. NANOG is able to regulate angiogene-
sis in ES cells through the activation of Vascular endothelial
growth factor receptor 2 (VEGFR2), also known as Fetal liver
kinase-1 (FLK1).*

It has been well documented that hypoxia, defined as oxygen
deprivation, induces angiogenesis in various malignancies.
Hypoxia plays a critical role in tumor development, mainly by
increasing the expression of embryonic markers such as
NANOG, OCT4 and SOX2. It has been suggested that NANOG
is able to disturb the susceptibility of tumor cells to cytotoxic T
lymphocyte (CTL)-mediated toxicity. Hasmim et al. showed
that silencing NANOG expression using a specific siRNA
restored the susceptibility of IGR-Heu lung carcinoma cells to
lysis by CTL under hypoxic conditions.”® Further research by
these authors demonstrated that NANOG can also regulate the
recruitment of regulatory T cells (Tregs) within the B16-F10
melanoma tumor bed under hypoxic conditions. Silencing
NANOG gene expression led to a reduction in intratumoral
Tregs. Moreover, in B16-F10 cells under hypoxic stress,
NANOG positively regulated the expression of TGFf1, result-
ing in differentiation of naive CD4" T cells into Tregs. The
supernatant from hypoxic B16-F10 cells with silenced NANOG
expression did not induce the expansion of Tregs. However,
supplementation of that supernatant with TGFfS1 re-estab-
lished the expansion of Tregs. These data suggest that NANOG
regulates the expansion of Tregs via TGFBl and promotes
tumor growth through immunosuppression.”*

NANOG expression is associated with gene activity directly
connected with hypoxia and angiogenesis. Hypoxia-inducible
factor 1 (HIF-1) activates Vascular endothelial growth factor
(VEGF) as its major target gene, which stimulates vascular
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proliferation.”®>* HIF-1 and HIF-2 knock-down in hypoxic
IGR-Heu lung carcinoma cells was shown to result in a
decrease in NANOG protein levels. However, NANOG knock-
down led to an increase of several proapoptotic as well as antia-
poptotic genes. The positive correlation between NANOG and
HIE-1 expression has also been observed in prostate cancer.>
Hypoxia in prostate and pancreatic cancer increases the
expression of miR-21, miR-210, HIF-1 and VEGF. Bao et al.
detected an increased amount of NANOG mRNA and miR-21
in AsPC-1/MiaPaCa-2 pancreatic cancer cells and PC-3/
LNCaP prostate cells under hypoxic conditions.’>*” It is known
that the HA-mediated NANOG-STAT3 complex binds to the
miR-21 promoter.”® However, the role of NANOG in the acti-
vation of miR-21 in hypoxia-induced angiogenesis is unclear.

Correlation between the NANOG and STAT3 genes in
the development of malignant phenotypes and
multidrug resistance in cancer cells

STATS3 regulates cell growth, differentiation and survival. In
physiological conditions, STAT3 is activated by numerous
cytokines and growth factors, such as epidermal growth factor
(EGF), platelet-derived growth factor (PDGF) and interleukin
6 (IL-6), as well as by oncogenic proteins such as SRC and Ras.
STATS3 activation is regulated by the phosphorylation of a tyro-
sine residue at position 705 by receptor-associated and non-
receptor-associated protein kinases. Phosphorylation of STAT3
in the cytoplasm leads to its dimerization and translocation to
the cell nucleus. The dimerized STAT3 transcription factor
then binds DNA, leading to the activation of genes responsible
for proliferation, differentiation and apoptosis. Overexpression
of the STAT3 gene may lead to carcinogenesis and is observed
in many human malignancies, such as bladder cancer, ovarian
cancer and breast cancer.””®

NANOG and STAT3 can cooperate in the maintenance of
ES cell properties, and it is thought that there is a functional
link between these 2 genes. Approximately 55% of hypothetical
STATS3 target genes also contain a binding site for NANOG.
In turn, 41% of hypothetical NANOG target genes contain a
binding site for STAT3. These data suggest that STAT3 and
NANOG can cooperate in the regulation of gene expression,
which may be important in maintaining an undifferentiated
state. Among 24 STAT3 target genes analyzed by Bourillot
et al,, 21 were found to contain NANOG binding sites in their
sequences. Moreover, NANOG regulates the transcriptional
activity of these genes. After knock-down of NANOG expres-
sion in mouse embryonic stem cells (CGRS8 cells), a significant
reduction in the expression of 19 STAT3 target genes was
identified; 14 of these 19 genes were also downregulated upon
treatment with 4’-hydroxytamoxifen (4'-OHT), a NANOG
inhibitor, in RCNHTKS cells. This study showed that the vast
majority of STAT3 target genes are also regulated transcrip-
tionally by NANOG, and NANOG and STAT3 cooperate to
inhibit mesoderm and endoderm differentiation.®’ Stuart et al.
showed that NANOG maintains native pluripotency by
enhancing LIF/STAT3 signal transduction, resulting in the
activation of Kruppel-like factor 4 (KLF4), which regulates cel-
lular proliferation and differentiation.>*

Yin et al. examined the impact of Src-homology protein
tyrosine phosphatase 1 (SHP-1) on NANOG expression in the
mouse F9 embryonal carcinoma cell line. Overexpression of
SHP-1 reduced NANOG promoter activity through STAT3 reg-
ulation. To elucidate the relationship between these 3 genes,
the authors knocked down or overexpressed SHP-1 in F9 cells
expressing 2 different STAT3 proteins: dominant-negative
STAT3 (Y705F), which cannot be activated by phosphoryla-
tion, or a phospho-mimetic STAT3 mutant (Y705D), which
maintains constitutive activity. Overexpression of Y705D
resulted in 1.5-1.6-fold higher activation of the NANOG pro-
moter, regardless of whether SHP-I was knocked down or over-
expressed. This result likely occurred because when there is
large amount of STAT3 present, the NANOG promoter is occu-
pied by Y705D. Therefore, the NANOG gene was upregulated
regardless of the inhibition or overexpression of SHP1. The
overexpression of Y705F resulted in a 1.45-fold increase in the
activation of the NANOG promoter when SHP-1 was knocked
down. However, overexpression of Y705F or STAT3 knock-
down led to the decrease of NANOG promoter activation to
50% of output level, when SHP-1 was overexpressed. As Y705F
cannot be phosphorylated, NANOG is regulated directly only
via endogenous STAT3. In cells in which SHP-1 was knocked
down (but without STAT3 manipulation), NANOG promoter
activation was decreased to only 42%. These results indicate
that SHP-1 regulates NANOG via STATS3 signaling.®>®*

Gao et al. determined that NANOG expression might be reg-
ulated via the STAT3 pathway together with the activity of the
Nogo-66 receptor (NgR). Activated NgR phosphorylates
STAT3 and increases NANOG mRNA and protein levels. An
increased level of NANOG protein inhibits the differentiation
of murine embryos. Application of the NgR inhibitors phos-
phatidylinositol-specific phospholipase C (PtdIns-PLC) and
nogo-A inhibitory peptide 1-40 (NEP1-40) results in downre-
gulation of NANOG. The same result was obtained upon appli-
cation of the STAT3 phosphorylation inhibitors AG490 and
rapamycin.**

Hyaluronan (HA) is a glycosaminoglycan that is a compo-
nent of the extracellular matrix. In malignant tissues, the con-
centration of HA is generally higher than in normal tissues.
HA interacts with the cell surface receptor CD44. This receptor
is unregulated in several cancers and is a marker for the TIC
phenotype. Binding of HA to CD44 results in the association of
NANOG with CD44, translocation of the complex to nucleus
and activation of target genes. It is thought that some NANOG
proteins form a complex with STAT3 and induce its transcrip-
tion, leading to tumor growth and multidrug resistance. Bour-
guignon et al. examined whether HA/CD44 signaling
influences the correlation between STAT3 and NANOG expres-
sion in the development of multidrug resistance in breast and
ovarian cancer. The expression of STAT3 was low in breast can-
cer cells (MCF-7) and ovarian cancer cells (SK-OV3) treated
with anti-CD44 antibodies, regardless of concurrent treatment
with HA. STAT3 expression was enhanced in both cell lines
after treatment with HA. The expression of STAT3 was also
reduced after transfection of MCF-7 and SK-OV3 cells with
NANOG siRNA. HA/CD44-activated NANOG and STAT3
cooperate in tumor growth and cell survival. Treatment of
tumor cells with ant-CD44 antibodies or STAT3/NANOG
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Figure 3. The HA/CD44 signaling pathway leading to the malignant phenotype of cancer cells. HA binds to the CD44 receptor and promotes its association with NANOG
and STAT3. NANOG binds to STAT3 and associates with the miR-21 promoter, resulting in miR-21 transcription, protein production and downregulation of PDCD4. Addi-
tionally, NANOG associated with CD44 translocates to the nucleus and, together with other transcriptional factors, activates genes related to self-renewal and the TIC phe-
notype. STAT3 associated with CD44, together with CyclinD1 and Survivin, activates genes associated with the survival of tumor cells.

siRNAs blocked tumor growth. On the contrary, transfection
with NANOG c¢DNA stimulated tumor growth. These data
indicate that HA/CD44-activated NANOG regulates STAT3
activation in the MCF-7 and SK-OV3 cell lines, which results
in tumor growth. Furthermore, MCF-7 and SK-OV3 cells
transfected with STAT3 siRNA or NANOG siRNA showed
inhibition of multidrug resistance 1 receptor (MDR1) expres-
sion induced by HA/CD44. The absence of HA increases the
susceptibility of cells to chemotherapy with doxorubicin.*>®

Many miRNAs are thought to exhibit a connection with the
development of some cancers, including HNSCC. MiR-21, an
miRNA involved in the inhibition of the tumor suppressor pro-
tein Programed cell death 4 (PDCD4), is upregulated in
HNSCC tissues. Inhibition of PDCD4 leads to tumor invasion,
metastasis, chemoresistance and excessive tumor growth. Bour-
guignon et al. showed that HA/CD44-mediated NANOG/
STAT-3 signaling regulates miR-21 production, PDCD4
expression, and the development of chemoresistance in
HNSCC. Silencing of either the STAT3 or NANOG gene using
specific siRNAs blocked HA-mediated NANOG/STAT-3 bind-
ing to the miR-21 promoter in the head and neck squamous
cell carcinoma cell line HSC-3. These investigations were
undertaken using chromatin immunoprecipitation assays and
Real-Time™ PCR. Moreover, an anti-miR-21 inhibitor was
found to increase PDCD4 expression and block HA/CD44-
mediated tumor development and chemoresistance.”® The HA/
CD44 signaling pathway is shown in Fig. 3.

Lee et al. identified NANOG as an important factor in
CD24-mediated tumorigenicity. Moreover, regulation of
NANOG by CD24 occurs via STAT3 phosphorylation. The ini-
tial hypothesis assumed that the transmembrane protein CD24
activates NANOG in the nucleus via the IL-6 pathway. The

connection between STAT3 phosphorylation and CD24 was
indicated by the observation that knocking down CD24 altered
the expression of several genes downstream of STAT3. To test
this hypothesis, Lee et al. examined STAT3 and its phosphory-
lated form (pSTAT3) in Huh-7 and PLC/PRF/5 HCC cell lines
in which CD44 was knocked down. The level of pSTAT3 in
CD24 knock-down cells was reduced compared with the paren-
tal form of the protein, and there was no change in the level of
STAT3 mRNA in CD24 knock-down cells. Further experi-
ments evaluated whether the application of a STAT3 inhibitor
(S31-201) in Huh-7 and PLC/PREF/5 cells would affect pSTAT3
and NANOG expression. As a result, downregulation of
NANOG was observed, which was confirmed using a GFP-
tagged NANOG promoter in PLC/PRF/5 cells. The GFP signal
was found to be higher in CD24-positive PLC/PRF/5 cells and
lower in CD24-negative cells, and the signal in CD44-positive
cells was decreased upon application of S31-201. Lee et al. also
showed that CD24 leads to STAT3 phosphorylation via Src-
associated kinase, and not via JAK2. These findings reveal a
correlation between the expression of CD24, the activation of
STATS3, and the expression of NANOG.”’

Conlcusions

CSCs are widely known to be responsible for tumorigenicity and
chemoresistance. CSCs share many properties with ES cells, and
hence, they express “stemness genes," such as OCT4, SOX2 and
NANOG. The transcription factor NANOG is expressed in
many malignant human tumors, including breast,”® ovarian,”
and bladder”® cancers, gastric adenocarcinoma,”* melanoma’®
and many others. NANOG expression is always correlated with
a poor prognosis, as poorly differentiated tumors are more
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resistant to treatment. This transcription factor targets many
genes connected with the malignant phenotype of cancer cells,
including MMPs, STAT3, p53 and MDRI. Inhibition of NANOG
expression in vitro leads to decreased cellular migration, inva-
siveness and proliferation.”>*>**! These data demonstrate that
NANOG is specifically involved in the process of carcinogenesis
and can be a potential biological and prognostic marker for
malignant tumors.
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